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Electron dynamics in the bulk of large band gap dielectric crystals induced by intense femtosec-
ond laser pulses at 800 nm is studied. With laser intensities under the ablation threshold (a few
10 TW/cm2), electrons with unexpected energies in excess of 40-50 eV are observed by using the
photoemission spectroscopy. A theoretical approach based on the Boltzmann kinetic equation in-
cluding state-of-the-art modeling for various particles interactions is developed to interpret these
experimental observations. A direct comparison shows that both electron heating in the bulk and
a further laser field acceleration after ejection from the material contribute equivalently to the fi-
nal electron energy gain. The electron heating in the bulk is shown to be significantly driven by
a non-collisional process, i.e. direct multiphoton transitions between sub-bands of the conduction
band. This work also sheds light on the contribution of the standard electron excitation/relaxation
collisional processes, providing a new baseline to study the electron dynamics in dielectric materials
and associated applications as laser material structuring.
Developments of laser facilities delivering ultrashort
and intense laser pulses with photon energy in the eV
range have motivated studies in laser-solid interactions
including metals [1, 2], semiconductors [3] and dielectrics
[4, 5]. Focusing of a femtosecond laser pulse in a transpar-
ent dielectric material may induce modifications beneath
the surface, which can be tailored to produce perma-
nent three dimensional localized structural changes [6–
10]. These nano-structurations depend on the amount
of laser energy deposited in the irradiated volume. A
control of the amount and spatial shape of the deposited
laser energy opens the way to a large variety of applica-
tions going from photonics, bulk microelectronics, nano-
fluidics, to medicine [11]. Together with advanced ex-
perimental setups, such a control can be achieved by an
in-depth modeling description of the physical processes
at play. An accurate prediction of the laser energy depo-
sition may further support the development of these ap-
plications and improve the knowledge of the fundamental
laws governing the laser-solid interaction. So there is a
strong need to accurately describe the electron dynam-
ics in dielectric materials irradiated by femtosecond laser
pulses with intensities ranging from a few TW/cm2 to
the ablation threshold.
The admitted picture for the laser energy deposition
into the dielectric material is as follows. The laser en-
ergy is first absorbed by electrons through the processes
of both ionization and excitation/relaxation in the con-
duction band (CB). During the second stage, the ab-
sorbed laser energy is redistributed between the excited
carriers which may reach higher energies while they un-
dergo collisions with phonons, ions, and other electrons
in the presence of the laser field. These processes even-
tually lead to the energy transfer to the lattice. This is
a collisional picture theoretically described either by the
Drude model, multiple rate equations [12], or the kinetic
Boltzmann equation [4, 5, 13]. However, photoemission
spectroscopy experiments [14–17], providing the energy
distribution of electrons ejected from the sample surface
have shown electrons with energies in excess of tens of
eV for laser intensities below the breakdown threshold
[17, 18], of which collisional heating is not able to ac-
count for. It has been suggested that it is due to direct
multiphoton transitions between sub-bands of the CB,
hereafter referred to as the interband process [15, 16].
The previous observations have been obtained for var-
ious dielectric materials including CsI, diamond, CeF3,
sapphire, and SiO2 [17, 18], highlighting an universal be-
havior. A question then arises on the importance of the
interband process relative to collision-assisted electron
transitions, and on its contribution to the laser energy
deposition in dielectric materials (which is related to the
electron energy distribution).
Two main classes of models can address this question.
(i) Collisional models as solving the state-of-the-art quan-
tum Boltzmann equation, including all possible electronic
excitation and relaxation processes, provide the electron
energy distribution [4, 5, 12]. But the interband process
has never been included except in [13]. (ii) Non colli-
sional models based on a resolution of the time-dependent
Schro¨dinger equation support the photoemission observa-
tion but the collisions are not included [15, 16]. Despite
these studies, a direct comparison between theoretical
and experimental electron energy distributions has never
been performed while this is an indispensable step for val-
idating any model [4, 5, 12, 15], leaving serious interroga-
tions regarding the (non-equilibrium) electron dynamics
in the conduction band of dielectric materials.
In the present work, the electron dynamics is stud-
ied both experimentally and theoretically for α-quartz
(cristalline SiO2) which is a representative example of
large band gap dielectrics. The observed photoelec-
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2FIG. 1. Experimental photoelectron energy distribution for
quartz. Only the region of highest electron energies is shown,
where dynamics is only due to intrinsic processes modeled in
the present study (see text for more details).
tron energy distributions are directly compared, within
the challenging accuracy-demanding linear scale in the
present context, to a model including the electron dy-
namics both inside the bulk and after ejection. It is de-
scribed by a Boltzmann equation including all possible
bulk excitation/relaxation processes coupled to a subse-
quent laser driven field acceleration (LDFA) of electrons
after their ejection [19]. The model allows to predict pho-
toelectron spectra which are in a good agreement with ex-
perimental results for various laser intensities. The non
collisional direct multiphoton transitions between sub-
bands of the CB make a significant heating of electrons
in dielectric materials in contrast to the widely used as-
sumption of a dominant role of collisional processes in-
cluding phonon-assisted photon absorption and inverse
Bremsstrahlung. Our model accounts in particular for
acceleration of electrons to energies in excess of 40 eV
below the ablation threshold.
The experiment is carried out on the Aurore Ti:saphire
laser facility [20]. A 1 mm thick α-quartz target is irra-
diated by linearly P-polarized pulses at the wavelength
of λ = 800 nm, with 70 fs duration (full width at half
maximum, FWHM) at 1 kHz repetition rate. The in-
cident angle is 45° and a 30 mm lens produced a Gaus-
sian intensity distribution in a 21 µm spot size (FWHM).
The experiment is conducted in a vacuum chamber at a
pressure of 10−9 Torr, and the sample is heated homoge-
neously to a temperature of 800 K to maximize the pho-
toemission yield, by decreasing the surface charge. The
photoelectrons emitted from the surface are collected by
a hemispherical analyser (CLAM IV VG Microtech) with
9 channeltrons operating in ultraviolet photo-electron
spectroscopy mode. The axis of the detector is perpen-
dicular to the sample surface.
Figure 1 shows the experimental photo-emission spec-
tra for quartz obtained with intensities ranging from 8
to 47 TW/cm2. In general, such spectra exhibit a main
peak, for an electron energy of a few eV, which almost
does not evolve with respect to the intensity. This peak
corresponds to secondary electrons which properties de-
pend on the surface state. Since we are interested in in-
trinsic processes corresponding to high enough energies,
the low energy region is not shown. Above roughly 11 eV,
the signal exhibits a smooth decrease up to a maximal
energy, Emax, for which at least one count is measured.
Emax increases with respect to the intensity and reaches
roughly 40 eV for the highest intensity used below the
ablation threshold. Similar behaviors in terms of high
energies and distribution shape have been obtained for
other large bandgap materials as sapphire, CsI, diamond,
and CeF3 [17, 18].
The electron dynamics in the bulk is described by a
Boltzmann kinetic equation [5, 12, 13]. Electrons are
ejected from a nanometer-size layer beneath the target
surface where the laser electric field can be considered
as a constant. Indeed, the field amplitude adapts to
the dielectric material property on a lengthscale vb/ωve
where vb is the velocity of bound valence electrons and
ωve is their plasma frequency. The order of magnitude
of these quantities is 3.× 106m.s−1 and 1016s−1, respec-
tively, leading to vb/ωve ' 3A˚. The laser intensity is thus
relatively constant a few nanometers beneath the surface,
implying no spatial dependence in the electron distribu-
tion, f(~k, t), where ~k is the momentum and the electron
energy is Ek = ~2~k2/2me. The temporal evolution of f
in the bulk is then given by:
∂
∂t
f(~k, t) =
∂f(~k, t)
∂t
∣∣∣∣∣
ioniz
+
∂f(~k, t)
∂t
∣∣∣∣∣
relax
+
∂f(~k, t)
∂t
∣∣∣∣∣
heat
,
(1)
where the three collision integrals in the right hand side
describe the ionization, the relaxation, and the laser exci-
tation of conduction electrons, respectively. The electron
distribution is assumed to be isotropic since it is due to
electron collisions with acoustic phonons which charac-
teristic timescale is 10 fs [21].
The ionization processes consist of both the photo-
ionization, which is evaluated through the complete
Keldysh expression [22], and the impact ionization de-
scribed as in [4]. The relaxation processes are related
to electron-electron (e-e) [4] and electron-phonon (e-
ph) [4, 21] collisions, which induce the energy exchange of
electrons between themselves and to the lattice, respec-
tively. These collision integrals are calculated with the
Fermi’s golden rule. The electron recombination is also
included with a characteristic time of 150 fs [23] which is
assumed not to depend on Ek. The energy distribution
of phonons is assumed not to evolve during this short in-
teraction time and is set to the equilibrium Bose-Einstein
distribution with a lattice temperature set to 800 K.
Two main processes are included for the laser-induced
3FIG. 2. Illustration of the structure of the conduction band in
the first Brillouin zone as described in the multiple parabolic
band model. The bands exhibit an energy bandwidth of hνc
of the order of 1 eV due to the collisional broadening. An
illustration of possible multiphoton transitions is depicted by
the red arrows. Due to the broadening, the transitions take
place over a wave vector region ∆k [24].
excitation of conduction electrons. First, the electrons
can absorb or emit simultaneously several photons during
a collision with phonons or ions (inverse Bremsstrahlung)
[4]. Second, electron excitation can also take place
through a non-collisional process (no other particle as
ion or phonon is involved to absorb photons) which is di-
rect multiphoton interband transitions [13, 15, 17, 18, 25].
To include the latter process, the conduction band is de-
scribed by multiple parabolic energy sub-bands. An il-
lustration of this process is provided by Fig. 2. Note this
mechanism departs from the Rethfeld’s approach [4, 12]
and is expected to have a significant impact on the elec-
tron dynamics. The interband rate is evaluated according
to the expression and parameters provided in [13]. Such
an approach allows us to introduce explicitly the colli-
sionless heating in a full kinetic treatment of the electron
dynamics in laser-driven dielectrics [13].
Solution to the Boltzmann equation (1) provides the
energy distribution of electrons in the material. Their
ejection from the surface is possible if their energy is
larger than the work function which is 0.9 eV for quartz
[26, 27]. For low energy ejection, surface effects may
modify the distribution [28]. However, this influence is
negligible for the most energetic electrons which are con-
sidered here. Consequently, the distribution of ejected
electrons near the surface is assumed to be the same as
the one calculated in the bulk. To obtain a distribution
directly comparable to the experimental data, f(Ek, t)
is first weighted by the density of states g(Ek) ∝
√
Ek
accounting for a three-dimensional free electron gas. Sec-
ondly, the influence of the laser electric field F (t), which
may further accelerate or decelerate the ejected electrons
FIG. 3. Energy distributions of ejected electrons from photo-
emission experiments (solid lines) and modeling (dashed lines)
for various laser intensities.
depending on their instant of emission, is taken into ac-
count: it is a laser-driven field acceleration (LDFA) which
can change the energy distribution [14, 19, 29]. The final
energy of the ejected electron is obtained by integrating
the classical equation of the electron motion in vacuum
dv/dt = −eF (t)/me from the ejection moment te to the
end of the laser pulse (160 fs in practice). The initial ejec-
tion velocity v0 at te is evaluated from the calculated elec-
tron distribution in the bulk. Since electrons in the bulk
undergo numerous collisions before ejection, they lose any
coherence [30] with the laser electric field at the time of
ejection. Consequently, the electrons are assumed to be
ejected uniformly during the interaction: their ejection
time is not related to any particular phase of the laser
electric field. Since in experiments ejected electrons are
collected over the whole laser pulse duration, the theoret-
ical predictions are obtained by integrating the electron
distribution over time. Note that the maximum energy
gain corresponds to the classical energy of half an opti-
cal cycle. For an electron ejected at the optimal time, a
simple calculation shows that the final energy is roughly
40 eV for an ejection energy Ek0 = 20 eV and a laser
intensity I = 50 TW/cm2.
Figure 3 shows, within a linear scale, the experimen-
tal distributions of ejected electrons together with the
theoretical predictions for intensities ranging from 8 to
47 TW/cm2. The theoretical distribution at I = 24
TW/cm2 is multiplied by a renormalization factor to
compare to the experimental data. The same factor is
used for all intensities. Both experimental and theoreti-
cal data are in a good agreement for each intensity. The
only significant discrepancy between modeling and ex-
perimental spectra appears for electron energies below 17
eV for the largest laser intensity. It may be attributed
to electron transport in the bulk which is not included
in the present modeling: low energy electrons are sen-
4FIG. 4. Maximum energy of photoemitted electrons as a func-
tion of the laser intensity. Absorption processes are gradually
switched on within the modeling, see inset legend for curves
meaning.
sitive to spatial charge rearrangements (potential mini-
mization) in the bulk which are all the more important
that the produced charge density is large (or highest laser
intensities).
The experimental observations can be reproduced only
if we include all above-mentioned physical processes:
photo-ionization, impact ionization, heating through
electron-phonon-photon and interband transitions, the
relaxation through electron-phonon and electron-electron
collisions, and the LDFA. In order to evaluate the role of
each process on the electron dynamics in the bulk, they
have been successively switched off. The comparison of
the theoretical spectra obtained with the various model-
ing configurations (not shown here) to the experimental
data leads to the following conclusions. (i) the impact
ionization prevents electrons from reaching too high en-
ergies at the largest intensities. However there is no elec-
tron avalanche, which is consistent with the fact that the
irradiated material is not damaged. (ii) Regarding the
electron heating in the conduction band, the introduc-
tion of both e-ph-pt and interband processes is required
to recover correct slopes for all considered intensities. In
particular, the interband process enables to mimic the
smooth decrease with respect to the electron energy [13].
(iii) Regarding the relaxation, the electron-electron col-
lisions provide a smooth energy distribution. Otherwise
the electron distribution contains several peaks separated
by the photon energy [13] that is not experimentally ob-
served. The contribution of e-ph collisions also permits
to redistribute electrons to lower energies providing the
observed slopes. In contrast, the electron recombination
and e-ion-pt do not modify significantly the spectra due
to the short interaction time and relatively low ionization
degree (the electron density in the CB is in between 1019
and 1020 cm−3 depending on the intensity), respectively.
Figure 4 provides the evolution of Emax as a function
of the laser intensity from experimental observations and
as predicted by the modeling (the interband and LDFA
processes are included or not). In the experiment, Emax
increases monotonically from 11 eV to roughly 40 eV.
Without the interband and LDFA processes, Emax can-
not exceed 10 eV for the highest intensity, the heating
being only due to e-ph-pt collisions in that case. By in-
cluding the interband process, Emax reaches about 23
eV, i.e. twice the energy of the previous configuration.
Both e-ph-pt and interband contributions to the electron
heating are thus comparable. A good agreement with
the experimental data is obtained when the LDFA is in-
cluded, providing an enhancement of the final electron
energy of more than a factor of 2. These considerations
clearly show that the observed photo-emission spectra re-
sult from three physical processes with comparable con-
tributions. All the previous conclusions are expected to
be similar for the above-mentioned other large band gap
dielectric materials. A quantitative reproduction of other
data being able by slightly adjusting a few modeling pa-
rameters as the value of the band gap and matrix ele-
ments.
We have shown the importance of the non collisional
laser heating. For applicative purposes as laser struc-
turing of materials, a simple expression to evaluate the
laser energy deposition is desirable. It can be shown that
the energy density absorbed per unit of time through the
interband process, dUnc/dt, reads:
dUnc
dt
=
mωne(t)(∆k/(pi/a))
4pi~ |pf | V
2
1fI
∑
n
nJ ′2n (B1f )
[(pi
a
)2
− k2n
]
(2)
with B1f =
1
~ω
e~F (t).(~pf−~p1)
mω . All notations and values
of parameters relative to the interband rate are defined
in [13]. ne(t) is the electron density in the conduction
band which here is evaluated by solving multiple rate
equations [12]. ∆k/(pi/a) = 2ma2hνc/pi
2~2 is the rela-
tive part of the Brillouin zone participating to interband
transition due to the collisional broadening (see Fig. 2).
By setting the Drude averaged collision time to ν−1c = 10
fs accounting mainly for electron-phonon collisions, the
evolutions of the electron temperature (= U/Ce with Ce
the classical heat capacity) as a function of the inten-
sity including or not the non collisional laser heating are
obtained (see Fig. 5). They exhibit similar trends as
those provided by solving the quantum Boltzmann equa-
tion [13], and values consistent with the present electron
energies (because Te ' Emax/2 [13]). This demonstrates
the reliability of this simplified model (2) describing the
additional contribution of non collisional heating to the
Drude description.
To conclude, photo-emission experiments have been
carried out with large band gap dielectric crystals ir-
radiated by near infrared laser femtosecond pulses with
intensities below the ablation threshold. The electron
5FIG. 5. Evolution of the electron temperature as a function
of the maximum laser intensity as estimated with a simplified
Drude-like modeling.
energy spectra exhibit a long tail up to energies close to
40 eV for the highest intensities. The underlying elec-
tron dynamics has been analyzed through a state-of-the-
art modeling based on the Boltzmann kinetic equation
including the main excitation/relaxation processes, and
the laser driven field acceleration of ejected electrons. A
direct comparison of the theoretical predictions to the ex-
perimental data shows that both heating in the bulk and
electric field acceleration in the vacuum make comparable
contributions to the electron energy gain. The noncolli-
sional direct multiphoton transitions between sub-bands
of the conduction band is a major mechanism for electron
heating in the bulk of dielectric materials which must be
included for the evaluation of the energy deposition. For
application purpose as laser structuring of materials, a
simple expression to evaluate the energy deposition by
non collisional absorption can be derived [24].
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